interneurons are connected to their target cells and are capable of inducing IPSPs. III, and Eric W. Lothman. Responses of deep entorhinal cortex are epileptiform in an electrogenic rat model of chronic temporal lobe epilepsy. J. Neurophysiol. 80: 230 -240, 1998. We investigated whether entorhinal cortex ( EC ) layer IV neurons are hyper-I N T R O D U C T I O N excitable in the post-selfsustaining limbic status epilepticus ( post-SSLSE ) animal model of temporal lobe epilepsy. We studThere is direct evidence that entorhinal cortex (EC) is ied naive rats ( n Å 44 ) , epileptic rats that had experienced involved in human temporal lobe epilepsy (TLE) and animal SSLSE resulting in spontaneous seizures ( n Å 45 ) , and electrode models of epilepsy. Seizures may arise independently from controls ( n Å 7 ) . There were no differences between electrode EC or may arise simultaneously in EC and other limbic areas control and naive groups, which were pooled into a single control in both patients (Spencer and Spencer 1994) There is also indirect evidence implicating EC in epilepsy.
There is direct evidence that entorhinal cortex (EC) is ied naive rats ( n Å 44 ) , epileptic rats that had experienced involved in human temporal lobe epilepsy (TLE) and animal SSLSE resulting in spontaneous seizures ( n Å 45 ) , and electrode models of epilepsy. Seizures may arise independently from controls ( n Å 7 ) . There were no differences between electrode EC or may arise simultaneously in EC and other limbic areas control and naive groups, which were pooled into a single control in both patients (Spencer and Spencer 1994) and in the postgroup. Intracellular and extracellular recordings were made from selfsustaining limbic status epilepticus (post-SSLSE) model deep layers of EC, targeting layer IV, which was activated by (Bertram 1997) , which shares many features with human stimulation of the superficial layers of EC or the angular bundle.
TLE (Bertram et al. 1990; ). Cell loss There were no differences between epileptic and control neurons in basic cellular characteristics, and all neurons were quiescent in EC, especially layer III, is present in human TLE (Du et under resting conditions. In control tissue, 77% of evoked intra-al. 1993; Kim et al. 1990 ) and in several animal models, cellular responses consisted of a short-duration [ 8.6 { 1.3 (SE) including the post-SSLSE model (Du and Schwarcz 1992 ; ms ] excitatory postsynaptic potential and a single action poten- Du et al. 1995) . EC is involved in acutely induced epileptitial followed by g-aminobutyric acid-A ( GABA A ) and GABA B form discharges (Bear and Lothman 1993; Jones and Laminhibitory post synaptic potentials ( IPSPs ) . Ten percent of con-bert 1990; Pare et al. 1992; Rafiq et al. 1993 1995; Stringer trols did not contain IPSPs. In chronically epileptic tissue, and Lothman 1992; Walther et al. 1986; Wilson et al. 1988) . There is also indirect evidence implicating EC in epilepsy.
followed by rhythmic ''clonic'' depolarizations. Epileptic responses exhibited an all-or-none response to progressive in-Control of TLE by anterior temporal lobectomy typically is creases in stimulus intensity and required less stimulation to attributed to removal of the hippocampus, but EC is usually elicit action potentials. In both epileptic and control animals, unavoidably removed during this surgery (Sperling et al. intracellular responses correlated precisely in morphology and 1996) . Furthermore, outcome from temporal lobectomy to duration with extracellular field potentials. Severing the hippo-control TLE correlates with the amount of parahippocampal campus from the EC did not alter the responses. Duration of gyrus (including entorhinal cortex) resected; the more paraintracellular epileptic responses was reduced 22% by the N-hippocampal gyrus resected, the better the outcome (Siegel methyl-D-aspartate ( NMDA ) antagonist D ( 0 ) -2-amino-5-phoset al. 1990 ). Therefore, it is possible that removal of EC phonovaleric acid ( APV ) , but they did not return to normal and contributes to control of seizures.
IPSPs were not restored. Epileptic and control responses were
The organization of EC may provide a basis for its role abolished by the non-NMDA antagonist 6,7-dinitroquinoxaline-2-3-dione ( DNQX ) . A monosynaptic IPSP protocol was used to in TLE. EC consists of several cell types formed into six test connectivity of inhibitory interneurons to primary cells by layers (Amaral and Insausti 1990; Swanson et al. 1987) . direct activation of interneurons with a stimulating electrode Layer II has a distinctive appearance because it contains placed near the recording electrode in the presence of APV and clusters or rosettes of ''star pyramids,'' or stellate cells, DNQX. Using this protocol, IPSPs similar to control ( P ú 0.05 ) whereas layer IV contains large pyramidal-like cells that were seen in epileptic cells. The findings demonstrate that deep form a continuous layer. However, other layers of the cortex layer EC cells are hyperexcitable or ''epileptiform'' in this are less well demarcated. Thus layers I-III often are termed model. Hyperexcitability is not due to interactions with the hipsuperficial layers, whereas layers IV-VI are termed deep pocampus. It is due partially to augmented NMDA-mediated layers. Physiology and connectivity follow a similar generalexcitation. The lack of IPSPs in epileptic neurons may suggest inhibition is impaired, but we found evidence that inhibitory ization, such that deep layers are the primary site of input into EC, whereas superficial layers provide the primary out-campus (Hampson and Deadwyler 1992; Swanson et al. 1987; Witter 1993; Witter et al. 1989) , which provides the potential for a reverberatory circuit that may initiate or perpetuate seizure activity (Lothman et al. 1991) . Strong connections with limbic cortex may provide a pathway for seizure spread (Brothers and Finch 1985; Finch et al. , 1988 Lingenhohl and Finch 1991; White et al. 1990 ).
In a previous study of hippocampal-parahippocampal slices from epileptic post-SSLSE rats, we found hyperexcitability of EC layer II neurons, the primary output layer of the EC (Bear et al. 1996) . In this model, these neurons have prolonged depolarizing envelopes and multiple action potentials (APs) in response to a single shock. They also lack inhibitory postsynaptic potentials (IPSPs), possibly suggesting an impairment of inhibition.
EC layer IV has several characteristics that could allow We hypothesized that EC layer IV neurons would be hy-physiological study. All post-SSLSE rats underwent prolonged perexcitable in this model of chronic TLE. We sought to EEG monitoring in a monitoring unit designed for 24-h continuous determine whether this hyperexcitability was due to excess monitoring Cornett 1993, 1994) . EEG recording started 4 wk after SSLSE and continued until at least one spontaneexcitation mediated by NMDA mechanisms, whether there ous seizure was recorded. All post-SSLSE rats had at least one was evidence of impaired inhibition, and whether this activseizure and most had many seizures. A parallel group of six elecity was dependent on connections with the hippocampus. trode control rats was monitored for 3 mo, and none demonstrated Some of these results were previously presented in abstract seizures during EEG monitoring or during handling (Bear et al. form (Fountain et al. 1996 (Fountain et al. ). 1996 .
M E T H O D S

Hippocampal-parahippocampal slice preparation Animal groups
Rats were anesthetized with 5% halothane in air and decapitated. Three groups of adult male Sprague-Dawley rats were studied: The brains were removed from the skull, and the cerebellum and naive animals, which did not have electrodes implanted; electrode rostral pole of the brain were dissected away. The brain was control animals, which were implanted with electrodes but not mounted to a vibratome chuck using cyanoacrylate glue. An agar stimulated; and epileptic animals, which were implanted with elec-block provided support during slicing. The brains were mounted trodes, received continuous hippocampal stimulation (CHS), and at a 30Њ angle to the base of the brain to maintain connectivity of developed SSLSE and subsequent spontaneous seizures.
the EC with the hippocampus (Bear et al. 1996 ; Jones and HeineFor the electrode control and post-SSLSE groups, the experi-mann 1988; Rafiq et al. 1993 ) and consisted of temporal cortex, menter was blinded with respect to the nature of the experimental hippocampus, and EC (Fig. 1) . Slices (350-to 400-mm thick) group from which the slices were derived until after analyses were were cut on a vibratome. All dissection was done in 4ЊC artificial complete. To avoid the possible confounding issue of electrode cerebrospinal fluid (ACSF) saturated with carbogen gas (95% O 2 -placement effects, only slices from the side of the brain contralat-5% CO 2 ). Thereafter slices were maintained submerged in carboeral to electrode implantation were studied.
gen-bubbled ACSF at 22ЊC until use, at which time they were transferred to an interface recording chamber (Schwartzkroin 1975) where they were maintained at 37ЊC in ACSF perfused at
Induction of epilepsy by SSLSE
2.0-3.0 ml/min and humidified carbogen gas (5 l/min). Ionic composition of the ACSF was as follows (in mM): 153 Na / , 1.5 Methods for the induction of SSLSE by CHS were performed as previously described 
Stimulation and recording
1995). To mask any contribution from normal or pathological excitation, glutamate-mediated ionotropic neurotransmission was Recording electrodes were targeted for the region of layer IV (Fig. 1) . However individual layers cannot be identified in the blocked by D (0)-2-amino-5-phosphonovaleric acid (APV) and 6,7-dinitroquinoxaline-2-3-dione (DNQX). IPSPs evoked in this unstained section in the recording chamber and cells were not identified histologically, so that we could only resolve electrode manner were measured as noted above. placement to be in the ''deep'' layers, containing layers IV, V, and VI. Stimulating electrodes were placed in the angular bundle Response pharmacology of the perforant pathway to stimulate afferent input to layer IV orthodromically and in superficial layers of EC to stimulate axons Drug effects on responses were determined by addition of drugs of layer IV cells antidromically. Antidromic stimulation was de-to the bathing ACSF. APV (50 mM; Cambridge Research Pharmasired to stimulate recurrent collaterals onto inhibitory interneurons. ceuticals) was used to block NMDA-mediated glutamate neuroStimulating electrodes were oriented parallel to layer II in the transmission. DNQX (5 or 10 mM; Cambridge Research Pharmaregion adjacent to the recording electrode. ceuticals) in ACSF, prepared from 5% dimethylsulfoxide (DMSO) Intracellular recording electrodes were filled with 2 M potassium in water (0.01% DMSO vol/vol), was used to block non-NMDAmethylsulfate (80-120 MV). Single-barrel glass extracellular re-mediated glutamate neurotransmission. This concentration of cording electrodes were filled with 2 M NaCl (É5 MV). Bipolar DMSO had no effect on responses, similar to previous work (Bear stimulating electrodes were used for stimulation. Stimuli were con-et al. 1996) . Picrotoxin (100 mM; Sigma) was used to block GAtrolled by a digital timer (Winston T-10) and delivered from a BA A -mediated neurotransmission and 2-hydroxysaclofen (100 mM; stimulus isolation unit. Stimuli were 100-ms square waves ranging RBI) was used to block GABA B -mediated neurotransmission. Rein intensity from 1 to 100 V. Recording electrodes were led through sponses were measured at 3-min intervals after the drug was added high-impedance, capacitance-compensated amplifiers (Axoprobe, to the bath. Data for analysis was collected at the point when a Axon Instruments) and then in parallel to a computerized data plateau occurred in the response and the drug had no additional acquisition system (pClamp, Axon Instruments) and a digital oscil-effect. If no effect was seen after 60 min, data for analysis was loscope.
collected at that time. Drugs were washed out of the bathing solu-''Excitability'' was assessed by the AP stimulation threshold tion to demonstrate restoration of predrug response characteristics. (the minimum stimulus intensity necessary to evoke an AP), number of APs elicited, and amplitude and duration of EPSPs in control
Statistical analysis
animals and of depolarizing envelopes in epileptic animals. In controls, width at half height was measured in matched EPSPs at Ç4 Data for continuous variables are expressed as means { SE. mV amplitudes, subthreshold for AP generation, to control for Analysis of variance was used to determine the significance of possible changes in AP threshold. In epileptic responses, total dura-differences in the means of multiple continuous variables. Fisher's tion of the deoplarizing response was measured at the lowest stimu-exact test was used to determine the significance of differences lus intensity that evoked a response because the responses were between groups for proportional variables. Data were assessed for all-or-none (see RESULTS ). Inhibition was assessed by presence of differences between the naive and electrode control groups and IPSPs and their characteristics, including time to peak, amplitude, between the control and epileptic groups using unpaired t-tests. duration, half-time of decay, kinetic parameters, and reversal poten-Paired t-tests were used to determine the significance of differences tials. Reversal potentials were determined by measuring the ampli-between response characteristics of a cell before and after drug tude of the maximum IPSPs during sequential current steps and wash-in. P õ 0.05 was considered statistically significant. plotting these values as a function of membrane potential. All measurements from evoked responses were in response to a single shock. Measurements of excitatory postsynaptic potentials R E S U L T S (EPSPs) and IPSPs were made at the RMP. Basic cellular charac-
Characteristics of the naive and electrode control groups
teristics (RMP, input resistance, etc.) were measured only once per cell. Parameters measured in evoked responses (e.g., response
There were no differences between the electrode control duration) were measured once per stimulus site because the reand naive groups. All parameters measured were not statistisponse to stimulation at one site could be different from the recally different (P ú 0.05) between naives (n Å 44) and sponse to stimulation at a different site, mediated by different synapses.
electrode controls (n Å 7) with regard to intrinsic membrane Maximum amplitudes and durations of intracellular and extracel-properties, characteristics of intracellular responses to stimulular responses were obtained from input/output function (I/O) lation of the angular bundle or superficial layers of EC (morcurves. I/O curves were constructed by plotting stimulus voltage phology, presence of IPSPs and quantitation of response versus response amplitude over a range of stimulus intensities (Fig. characteristics) , and characteristics of extracellular re-9), from very low to high intensity (Fig. 5) . Stimulus intensity sponses. In addition, electrode controls did not differ electrowas increased progressively until the maximum amplitude of the physiologically from naives in other areas previously studied response was produced; increasing the stimulus intensity further (Bear et al. 1996 (Fig. 2B) . However, some cells contained inward rectifying currents (Fig. 2, A and D) or than the second 100-ms epoch in both epileptics and controls rebound APs ( Fig. 2A ) or lacked SFA (Fig. 2D ). There was (P õ 0.01), consistent with SFA. no relationship between which cells demonstrated inward rectification, rebound APs, or SFA. AP firing patterns were Evoked intracellular responses of the control and qualitatively identical in epileptics and controls. To roughly epileptic groups quantitate this, we counted the number of APs during the first 100 ms and the second 100 ms in epileptics and controls There were profound differences between control and epiin response to a 0.4-nA depolarizing current. The number of leptic groups with regard to evoked intracellular responses APs in the first 100-ms epoch was not statistically different (Table 2 ). All orthodromic responses in controls contained between epileptics (2.4 { 0.4) and controls (3.0 { 0.4), a short-duration EPSP, which progressively increased in amand the number of APs in the second 100-ms epoch was plitude with increasing stimulus intensity until a single AP identical in epileptics (1.3 { 0.4) and controls (1.3 { 0.4). was induced. Most cells contained an early IPSP and a late However, more APs were present in the first 100-ms epoch IPSP (Fig. 3A) . Early IPSPs were identified as GABA A mediated based on their time to peak near 20 ms and reversal potential near 070 mV. Late IPSPs were identified as GA-BA B mediated based on their time to peak near 110 ms, reversal potential near 090 mV, and abolition by saclofen (n Å 3). Importantly, some cells contained only early IPSPs without late IPSPs (Fig. 3B ) or did not contain any IPSPs (Fig. 3C ). In controls, both angular bundle and superficial layer stimulation most often produced orthodromic responses, which were identical in all respects, regardless of stimulation site. Antidromic responses consisting of an AP and IPSPs, without EPSPs, were recorded in 30% of responses to superficial layer stimulation and 32% of responses to angular bundle stimulation (P Å 1.00 by Fisher's exact test). The only difference between angular bundle and superficial layer stimulation was the AP stimulation threshold, which was much lower for superficial stimulation than for angular bundle stimulation (P Å 0.0007), probably because the superficial layer stimulation site was much closer than the angular bundle stimulation site to the recording electrode. Evoked responses of the epileptic group were morphologically and statistically very different from controls in all re-FIG . 2. Examples of intracellular deep layer entorhinal cortex responses sponse parameters measured (Table 2 ). All responses were to 0.1-nA current steps. They inconsistently contained spike frequency adap-very prolonged compared with controls. None were õ100 tation (A and B) , an inward rectifying current (A and D), and rebound ms in duration, and there was no overlap with the range of depolarization with an action potential (A). A and B are from control and C and D from epileptic animals. response duration for controls (Fig. 3, D-F had multiple APs, and no early or late IPSPs were seen. A epileptic cells with total response durations of ú200 ms.
During the first 100 ms, more APs were present in the evoked few cells had afterhyperpolarization, but this was not consistent (Fig. 3D) . Some epileptic responses were very complex response (4.3 { 0.29) than were induced by the current step (2.4 { 0.36), with P õ 0.05 by paired t-tests. No APs were and multiphasic, demonstrating an initial sustained depolarization followed by rhythmic depolarizations, which may be present by the second 100-ms epoch in 9 (75%) of the current steps and 10 (83%) of the evoked responses. Two termed ''clonic'' (Fig. 4) . Responses were morphologically identical regardless of stimulation site within one animal but of three cells without SFA during current steps had sustained repetitive firing during the evoked response. Figure 2D is a varied in duration and complexity between different animals. Responses evoked by angular bundle stimulation were iden-cell without SFA in response to current steps, and Fig. 3F is the same cell's response to stimulation. tical to superficial stimulation in all parameters measured, but the AP stimulation threshold was less for superficial Responses were elicited with less stimulation and evolved in a different manner in epileptic slices despite electrode stimulation (P Å 0.03), similar to controls.
In the epileptic group, most APs occurred during the first placement identical to controls. The AP stimulation threshold to angular bundle stimulation was lower than in controls several milliseconds after stimulation (Fig. 3, D and E) . AP firing patterns demonstrated a progressive decrement in (Table 2 ) so that responses were elicited with less stimulation. The AP stimulation threshold to superficial layer stimuspike frequency during evoked responses, which was more robust but generally similar to SFA during depolarizing cur-lation was also lower than in controls, but this did not reach statistical significance, probably because the absolute voltrent steps. To roughly quantitate the progressive decrement, we compared the number of APs in response to a 0.4-nA ages delivered were so small that it was difficult to deliver them in sufficiently small steps to distinguish a difference depolarizing current step to the number evoked by angular bundle stimulation. Analysis was limited to a sample of 12 between epileptic and control. Epileptic responses did not FIG To remove potential hippocampal reverberatory influences demonstrate a progressive increase in amplitude with pro-on the increased duration of epileptic responses, EC was gressive increases in stimulus intensity. Instead, all cells severed from the rest of the slice by a fine knife cut along demonstrated an all-or-none response to stimulation. The a line through the hippocampal sulcus, perforant pathway, first response recorded with a progressive increase in stimu-and subiculum during recording of responses to superficial lus intensity was of maximum magnitude despite very small layer stimulation. There were no changes in the recorded increments in the intensity. For example, Fig. 5 illustrates extracellular responses in the control (n Å 3) or epileptic the response to small increases in stimulus intensities ob-(n Å 3) groups. Responses to angular bundle stimulation tained from voltage steps of 0.1 V from 0 to 0.4 V. No could not be consistently assessed because of the proximity response was obtained at 0.2 V, and a maximum response of the stimulation site to the knife cut. Intracellular responses was obtained at 0.3 V; no increase in response magnitude were not assessed because the intracellular electrode was was obtained from increases greater than this. Paradoxically, consistently displaced from the cell during the lesioning proincreases in stimulus intensity inconsistently slightly de-cedure. creased the duration of the response.
Effect of ionotropic glutamate antagonists on intracellular Evoked extracellular responses of the control and responses epileptic groups
The NMDA antagonist APV was washed into the bathing ACSF during intracellular recording in six cells from epilepControl responses had simple biphasic or triphasic morphology and usually consisted of a brief short latency nega-tic animals (Fig. 7, left) . The depolarizing envelope decreased in duration by an average of 22%, from 104 { 17.8 tive spike (termed E1), followed by a longer latency negative spike (termed E2) and a positive or negative slow poten-to 81.8 { 12.3 ms (P Å 0.03 by paired t-tests). However, responses did not return to normal and no IPSPs appeared. tial (termed E3; Fig. 6A ). E1 had features suggestive of an antidromic population spike, including no decrement in A similar effect was noted on total response durations in extracellular recordings. DNQX alone or in combination response to repetitive stimulation at 100 Hz and preservation during blockade of excitatory neurotransmission by APV with APV abolished all orthodromic responses to angular bundle or superficial layer stimulation. In a few cells, antiand DNQX. E2 and E3 had features that suggested they were orthodromically mediated, including a decrement in dromic action potentials persisted. APV also was applied to FIG . 6. Typical extracellular (ExC) deep layer entorhinal cortex responses with simultaneous intracellular (IC) recording from controls. A: most common morphology of the ExC response, containing a shortlatency and short-duration negative potential (E1), a longer latency but short-duration negative potential (E2), and a longer duration positive potential (E3) in response to stimulation of the agnular bundle. Note E2 corresponds with an orthodromic action potential in IC tracing. B: ExC response containing a negative E3 overriding E2 in response to stimulation of the superficial layers. Note E1 corresponds to an antidromic action potential and E2 to an orthodromic action potential in IC tracing. six cells from control animals (Fig. 7, right) ,and no statisti-tion, near-site stimulation evoked responses identical to farsite stimulation; IPSPs were seen in control responses but cally significant difference was noted in EPSP width (8.4 { 3.0 ms before application and 9.4 { 2.7 ms after applica-not in epileptic responses. In the presence of APV and DNQX, IPSPs persisted in the controls and appeared in the tion).
epileptic group (Fig. 8) . The kinetic parameters and amplitudes of IPSPs elicited from the epileptic group in this manMonosynaptic IPSP protocol in epileptic and control ner (Fig. 9) were not statistically different from controls groups (Table 3 ). Early IPSPs were GABA A mediated and late IPSPs were GABA B mediated based on their kinetic parameThe lack of IPSPs in epileptic responses suggests the posters, reversal potentials, and pharmacological responsibility that inhibitory neurons are dysfunctional. To detersiveness. mine whether local inhibitory interneurons were connected to primary cells, we used the monosynaptic IPSP protocol . In response to far-site stimulation before drug administration, typical short-duration responses are seen in control and prolonged responses in epileptic animals. Responses to near-site stimulation before drug administration are identical to far-site stimulation. In response to the monosynaptic IPSP protocol consisting of near-site, direct inhibitory interneuron stimulation in the presence of the NMDA antagonist APV and the non-NMDA antagonist 6,7-dinitroquinoxaline-2-3-dione (DNQX), IPSPs are seen in both control and epileptic animals. An early GABA A -mediated IPSP was consistently present and a late GABA B -mediated IPSP was inconsistently present in both control and epileptic animals. In the example shown, the early IPSP may appear to decay faster in the epileptic trace, but there was no statistically significant difference between epileptic and controls in the half-time of decay. actions with the hippocampus or to alterations in the basic findings may be characterized as hyperexcitable because they predispose the cell to discharge more robustly. membrane characteristics examined and is only partially atThere was a consistent close correlation between intraceltributable to NMDA-mediated mechanisms. In addition, we lular depolarizations and extracellularly recorded paroxysfound evidence that IPSPs may be present but hidden bemal potentials in simultaneous intracellular and extracellular neath prolonged excitatory responses.
recordings. However, field responses were of lower ampliResponses from epileptic animals were profoundly abnortude in epileptic animals, possibly for several reasons. First, mal, containing very prolonged depolarizations with multithere are fewer cells in the EC of the epileptic rat to generate ple APs and no IPSPs; this is similar to the classic paroxysa response. Second, there may be temporal dispersion from mal depolarization shift (PDS) which underlies the epileptic multiple cells firing slightly dysynchronously. Third, the respike recorded by surface electroencephalograms (EEG) sponses were very complex and multiphasic, so it was diffi- (Ayala et al. 1973) . In contrast, control animals demoncult to find the maximum amplitude at which a sustained strated relatively brief EPSPs, a single AP, and inconstant response occurred. IPSPs, similar to previous reports in normal animals (Jones Many intracellular responses, which were evoked by only and Heinemann 1988). Despite being more robust, less stima single stimulation, were very complex and contained an ulation was required to elicit epileptic responses, so the effect initial sustained depolarization followed by rhythmic bursts is clearly not the result of higher stimulation intensities in of depolarization. This progression is remarkably similar to epileptic animals. They also demonstrated an all-or-none the scalp EEG progression of a tonic-clonic seizure, during response to progressive increases in stimulus intensity. These which there is a brief period of sustained fast activity during suggests that AP propagation is not altered in epileptics. More APs were evoked by stimulation than by a current the tonic phase and then rhythmic bursts of long duration spikes during the clonic phase. Therefore, the intracellularly step within epileptic cells, supporting the contention that synaptically mediated mechanisms, and not intrinsic AP recorded hyperexcitability may be reflected on the scalp EEG as interictal or ictal discharges, which may be termed epilep-propagation, are responsible for hyperexcitability. However, sharp electrode recordings have several limitations in meatiform.
The current findings are similar to our previous findings in suring basic cellular properties because currents with reversal potentials near the RMP or AP threshold, including some epileptic superficial EC, which also demonstrated prolonged depolarizations without IPSPs (Bear et al. 1996) , but differ calcium, potassium, and sodium currents, may be masked so that other alterations in basic cellular properties could be in some respects. First, some deep EC cells from controls lacked IPSPs, something that has been reported by others present but not detected by the methods used here. Finally, hyperexcitability also is not due to interactions with the hip-(Jones and Heinemann 1988). Second, some deep EC cells had rebound APs, which raises altered AP generation as a pocampus because responses were not changed by severing the hippocampus from EC. possible mechanism of hyperexcitability. However, epileptic cells did not have a greater tendency to rebound APs or an NMDA-mediated glutamatergic neurotransmission is a common and well-studied form of pathological or ''excess'' altered response to depolarizing current, which suggests that this does not contribute to hyperexcitability. Third, we did excitation in human epilepsy and animal models including kindling, electrical status epilepticus, and kainate-and pilonot record any substantial IPSPs in epileptic tissue. The findings are also similar to other workers (Bear and Lothman carpine-induced seizures (Bertram and Lothman 1990; Croucher et al. 1982; Fariello et al. 1989; Meldrum 1994; Jones and Heinemann 1988; , who found prolonged depolarization of su-Millan et al. 1988; Mody and Heinemann 1987; Okazaki et al. 1989; Piredda and Gale 1986) . We found a reduction in perficial and deep EC cells in low magnesium.
EC appears to be more hyperexcitable, as defined in previ-duration of epileptic responses by NMDA blockade with APV, but responses did not return to normal and IPSPs did ous sections, than other areas studied. The responses are much longer in duration and are more complex than those not appear. This makes it unlikely that NMDA-mediated mechanisms are solely responsible for hyperexcitability. We of hippocampal region CA1 or dentate gyrus in this model (Bekenstein and Lothman 1993; Mangan et al. 1995 ; Rempe did not find a significant effect of APV on control responses, but our analysis was powered only to detect very profound et al. 1995) or hippocampus in the postkainic acid model (Ashwood et al. 1986; Franck and Schwartzkroin 1985) . effects. In addition, NMDA receptors are activated preferentially by sustained depolarization, as occurred with epileptic What role this has in the pathophysiology of seizures is uncertain. However, it is notable that this is the first region responses, so that they may not be detectable by these methods during normal synaptic transmission. Therefore, we canstudied where responses are sufficiently prolonged to explain interictal epileptic spike and sharp waves, which are 20-not determine whether preexisting NMDA receptors are activated by other excitatory mechanisms in the epileptic state 200 ms in duration when recorded by scalp EEG in humans (Chatrian et al. 1974) . or whether they are expressed pathologically in the epileptic state. We can only determine that they mediate some of Overall, passive membrane characteristics of both control and epileptic cells were similar to layer IV cells described the prolonged depolarization. Other mechanism of excitation that may contribute to hyperexcitability include metabotroin detail by Jones and Heinemann (1988) , who identified three types of cells based on their AP firing patterns. Most pic glutamate receptors (Akiyama et al. 1992 ), non-NMDA-mediated calcium currents (Iino et al. 1990 ), or of our cells correlate with ''nonbursting'' neurons, which were described with a slightly more hyperpolarized RMP excitatory GABA neurotransmission (Olsen and Avoli 1997) . of 071 mV, a similar IR of 44 MV, demonstrated inward rectification in 11% of cells with hyperpolarizing current It is possible that altered local network connections could contribute to hyperexcitability by selective loss of inhibitory injection, usually lacked a postspike train AHP, and had one or two spikes in response to subicular stimulation. The main interneurons or by sprouting of local recurrent collaterals which synapse onto primary cells, analogous to synaptic difference is that we found more cells with SFA. Similar to their report, we found only a few cells without any SFA and reorganization of dentate mossy fibers (Cronin et al. 1992) , although there has been no evidence reported of this ocwith rapid spiking, correlating with ''fast-spiking'' neurons, which were too few to characterize in detail. We did not curring in EC. We did not collect anatomic data or seizure frequency so we cannot correlate the degree of cellular hyidentify any ''bursting'' neurons, but it is possible that we did not depolarize cells enough to detect this characteristic. perexcitability with degree of cell loss.
The lack of IPSPs in epileptic responses may suggest that inhibition is impaired and allows normal or pathological Mechanisms of hyperexcitability excitation to continue unchecked; however, we found evidence that impaired inhibition is not the sole source of hyperHyperexcitability of EC in this model is not due to changes in basic cellular properties, including RMP, input excitability. First, we found some normal deep layer EC cells do not have IPSPs, similar to other authors (Jones 1987, resistance, SFA, inward rectifying currents, and incidence of rebound APs because they were not altered in epileptic 1989; Jones and Heinemann 1988) . A lack of IPSPs cannot be the sole pathological mechanism of hyperexcitability for cells. The same number of APs and AP firing patterns were present during current steps in epileptics and controls, which these cells because they do not contain IPSPs normally.
